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Summary
Objective: To quantify osteoarthritis (OA) by automatic measurement of the joint space width (JSW) in the ﬁnger joints in hand radiographs,
and validate this against semi-quantitative scoring.
Methods: Forty subjects with primary OA at multiple sites were selected, 20 of which had no joint space narrowing (JSN) in the hand, and 20
had moderate to severe JSN. Conventional hand radiographs were acquired and the image set was split into a training and test set, for de-
veloping and evaluating the method, respectively. No methods to quantify the JSW automatically in OA exist; therefore a method was devel-
oped. First the semi-automatic image analysis program identiﬁes the metacarpal and interphalangeal joints. Subsequently, the corresponding
joint margins and measurement interval are determined. Finally the JSW is measured in millimetres as the average distance between the joint
margins enclosed by the measurement interval. The success rates of different steps of the image analysis were evaluated and a comparison
was made between the JSW and the semi-quantitative Osteoarthritis Research Society International score for JSN.
Results: The success rates for the identiﬁcation of the joint locations and margins were 97.5% and 64.2%, respectively. The JSW decreased
with increasing semi-quantitative scores, but increased as the joint was severely damaged. The agreement between the JSW and the semi-
quantitative score was conﬁrmed by a signiﬁcant correlation (R 2¼ 0.54 and P< 0.01) while assessing hand pairs instead of individual joints.
Conclusion: The JSW measurement closely reﬂects semi-quantitative scoring of JSN. Therefore, this method is expected to offer a reproduc-
ible and accurate measurement of the JSW in OA.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is the most common chronic musculo-
skeletal disease, characterized by slowly progressive
destruction of joints. The traditional view is that initial dam-
age is to hyaline cartilage, and at a later stage, changes in
the adjacent subchondral bone develop. However, more re-
cent work suggests that bone may have a primary role in
disease evolution1. Nevertheless, loss of hyaline cartilage
with its unique sliding, load shedding qualities remains an
important focus of current research.
The prevalence of OA is increasing due to ageing of the
population2. Currently, few disease modifying drugs exist3.
Clinical trials to investigate potential disease modifying1Source of support: None. Disclaimers: None.
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18drugs are thus important. In such clinical trails, progress is
assessed currently by visual comparison of radiographic im-
ages of joints, taken over varying periods of time, with the
aid of standard atlases4e6. By deﬁnition, these data are
semi-quantitative, and do not necessarily reﬂect disease
progression. OA in the hand is particularly difﬁcult to as-
sess, since the change of cartilage volume in the ﬁnger
joints is small and requires assessment by experienced ob-
servers in order to be reproducible. The latter is conﬁrmed
by a recent study suggesting that one of the two trained ob-
servers could visually detect structural changes in the ﬁnger
joints of 105 patients over a period of 1 year7. As these
methods are subjective, and the smallest detectable differ-
ence is large, many patients need to be included in clinical
trials. A more reproducible and quantitative method for
measuring OA progression is required therefore, in order
to accelerate and improve evaluation of new treatments.
Different imaging methods may be used. First, cartilage
can be imaged with magnetic resonance, but high resolu-
tion images of joints in the hand can only be obtained by us-
ing small ﬁeld of view receiver coils, often limiting study to
19Osteoarthritis and Cartilage Vol. 16, No. 1one joint8,9. This technique is not widely available and
acquiring images of the ﬁngers in both hands is either
time-consuming or requires acceptance of much lower
spatial resolution. In contrast, X-ray imaging is widely avail-
able and it can record both hands simultaneously at high
resolution. However, radiographs provide projected
(2-dimensional) image data and cannot visualize cartilage
directly, being transparent to X-rays. On the other hand,
the severity of OA can be quantiﬁed indirectly by measuring
the apparent joint space width (JSW) by making use of the
fact that the inter-bone distance between the different pha-
langes is narrowed by the destruction of cartilage.
Several methods to measure JSW from hand radiographs
exist in the area of rheumatoid arthritis (RA). Such meth-
ods10e13 segment the metacarpophalangeal (MCP) and
the proximal interphalangeal (PIP) joints in hand radiographs
and perform measurements of JSW. More recently, other
methods have been developed14,15 that are more robust to
image artefacts and incorporate more state-of-the-art image
processing techniques, yielding a higher degree of automa-
tion and improved segmentation results. Measurement of
JSW in OA, however, demands additional requirements. In
OA, osteophytes are present and may inﬂuence quantiﬁca-
tion of the JSW. In general osteophytesdonot present a prob-
lem in RA. Moreover in OA distal interphalangeal (DIP) joints
are involved and also need to be quantiﬁed.
Thus, we developed a measurement system in order to
detect automatically the MCP, PIP, and DIP sites for each
ﬁnger, all the relevant joint margins and to thereby measure
JSW, independently of the presence of osteophytes. The
measurement was validated subsequently using semi-
quantitative assessment with the Osteoarthritis Research
Society International (OARSI) score.Materials and methods
Patients were selected from a database of the Genetics
Arthrosis and Progression (GARP) study16. The GARP
study was approved by the medical ethical committee of
the Leiden University Medical Center. All patients gave in-
formed consent before the start of the study. The subjects
included probands aged between 40 and 70 years and their
siblings both with primary OA at multiple sites being hand,
hip, knee, or spine. Forty patients, seven males and 33 fe-
males, were included in the present study. These patients
aged between 43 and 74 years (mean 60.3 years, SD 7.1
years) and 80% had hand OA following the ACR criteria17.
Half of the OA patients selected had no joint space narrow-
ing in the hand (JSN), and the other half selected had
moderate to severe joint space narrowing (JSNþ), as visu-
ally assessed by an experienced rheumatologist (MK) using
the OARSI-score for JSN4.
Conventional hand radiographs were acquired by a single
experienced radiographer employing a standard protocol
with a ﬁxed ﬁlm-focus distance of 1.15 m and a tube voltage
of 45 kVp. Both hands were positioned in anteroposterior
orientation and the ﬁngers were extended as much as pos-
sible. Slight variations in the orientation of the hands were
allowed and non-anatomical structures, such as side and/
or identiﬁcation markers, were not removed from the radio-
graph. Subsequently, the radiographs were digitized by
a ﬁlm digitizer (Vidar VXR-12 Plus) with a resolution of
300 dpi and a colour depth of 16 bits and the wrists were
located to the left side of the image.
The image set was split into a training set and a test set,
in which the JSN and JSNþ groups were divided equallyto ensure the development of a methodology that was able
to analyse images showing different disease states. The
training set was used to develop these methods and the
test set was used to independently validate the method.IMAGE ANALYSISThe automated method was developed using the train-
ing set, which comprised 10 JSNþ and 10 JSN subjects,
in total 20 X-rays. Since these X-rays contained hand
pairs, these were manually separated ﬁrst, resulting in
40 images. In each hand, the 12 joints, being four DIP,
four PIP, second to ﬁfth MCP joints, in the ﬁngers were an-
alysed semi-automatically in four steps: (1) identiﬁcation of
the joint locations; (2) the detection of the proximal and
distal margins in each joint; (3) the measurement of
the width of each proximal phalanx, as a reference for
the JSW measurement interval; and (4) calculation of the
width of the joint space within the determined measure-
ment interval.
The joints of the thumb were omitted from the analysis
since they were not perpendicular to the image plane and
could not be assessed reliably. The image analysis
software was developed in-house using Matlab (The Math-
Works, Natick, USA) with the DIPimage toolbox (Quantita-
tive Imaging Group, Delft University of Technology, Delft,
The Netherlands).
The MCP joints have both the largest joint space and
a ﬁxed position relative to the centre of the metacarpus.
Thus, these joints were identiﬁed ﬁrst by searching the im-
age [Fig. 1(a)] for structures similar to that of the MCP joint.
This was accomplished by applying a Gabor ﬁlter to the im-
age [Fig. 1(b)]. The shape of this ﬁlter was customized to re-
ﬂect the structure of the MCP joint. Areas in the image with
a high similarity in structure between the ﬁlter and the image
were selected by applying a threshold to the output of the
ﬁltering. Areas that were too small or too large were dis-
carded automatically, and from the remaining areas, the
candidate locations were determined by their centre of grav-
ity, see Fig. 1(c).
In order to resolve the correct locations, the candidate
locations were compared with an anatomical model contain-
ing positions, on which the most likely positions of the MCP
joints are located, relative to the metacarpal centre (Fig. 2).
This model was constructed by manually annotating the 12
joint locations in each image in the training set. Also in each
image the centre of gravity was measured and this estimate
of the metacarpal centre was used to align the 40 images.
Finally the model was created by averaging the joint loca-
tions, resulting in a model containing information about
the locations of the joints and mutual distances between
the joints.
The locations of the MCP joints were used to detect the
PIP and DIP joints. A centreline was determined starting
from the MCP joints through each ﬁnger [Fig. 1(d)]. This
was performed by ﬁrst blurring the image, transforming
the ﬁngers into white lines, and then a tracing algorithm
was started from each MCP location to the distal direction,
in order to ﬁnd a connected path with the highest grey
values. This path was smoothed to obtain an approximate
of the centreline of the digit. At each location on the centre-
line, the response of the previously used Gabor ﬁlter was
extracted. The peaks in this proﬁle were then compared
to the anatomical model and subsequently the PIP and
DIP joints were identiﬁed, see Fig. 1(e). For each joint,
a square region of interest (ROI) was selected and rotated
so that one side was aligned to the medial axis of the
Fig. 1. (a) Test hand. (b) Gabor result. (c) Gabor result with the candidate positions marked by a white square, the big square is the centre of
gravity. (d) Centrelines through ﬁngers. (e) Twelve joint locations.
20 R. van ’t Klooster et al.: Validation of hand OA quantiﬁcationadjacent joint or to the average of the two medial axes of the
adjacent joints for the PIP joint.
Generally, the proximal and distal margins run approxi-
mately parallel and contain strong edges originating fromAnatomical Model of the Joint Locations
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Fig. 2. Anatomical model with the (mean) joint locations. The most
left location is the aligned centre of gravity of the images.the transition between bone and soft tissue. Thus these
edges were detected simultaneously18 with the restriction
that the distance between the two edges could not change
dramatically. The strength of this preference for parallel
edges could be adjusted in this algorithm. First the ROI con-
taining the joint margins was processed by a Sobel edge de-
tector resulting in an edge image with positive values, for the
edges with direction similar to the direction of the proximal
margin, and negative values for the edges with direction sim-
ilar to the distal margin. The edge image and its inverse were
used as input for the simultaneous border detection algorithm
and the edges corresponding to the proximal and distal mar-
gins were identiﬁed in both edge images. This operation re-
sulted in two contours, one for each margin.
To determine a standardized measurement interval, over
which the joint space is measured, the thickness of the
proximal phalanx was measured automatically by detecting
the bone contours of the proximal phalanx with an edge de-
tector and calculating the distance between the contours at
the central part of the phalanx. For each joint type the mea-
surement interval was determined by a fraction of this thick-
ness; for the MCP and DIP joints this fraction was 2/3 and
for the DIP joint the fraction was 1/2 (see Fig. 3).
As a result of the ﬁrst three steps, an area was deﬁned
which was enclosed by the measurement interval and the
contours of the proximal and distal margins. The contours
were reﬁned to obtain more accurate contours that
Fig. 3. Determination of the measurement interval.
Table II
Distribution of OARSI-scores of the 480 joints of 20 subjects in the
test set
JSN score
0 1 2 3
JSN (n¼ 240) 240 0 0 0
JSNþ (n¼ 240) 95 100 27 18
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the average (now) horizontal distance between the proximal
and distal margins.VALIDATION0%
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Distal marginThe image analysis was developed with the training set
and validation was undertaken with the test set. Intermedi-
ate results of the main steps of the image analysis were val-
idated in order to determine the amount of user interaction
needed to obtain correct measurements. This was done
by determining the percentage success rates in each
step. The automatically detected joint locations in the test
set were compared with the true locations, which were man-
ually annotated. A joint has been identiﬁed correctly if its
location was positioned within a radius of 8 mm around
the true location. The systematic errors and standard devi-
ation in the horizontal and vertical direction were deter-
mined for the correctly identiﬁed locations.
An experienced radiologist (IW) validated the automati-
cally identiﬁed margins. The identiﬁed margins were pre-
sented with the help of a graphical user interface and the
radiologist could either correct the contours or accept the
results of the automatic identiﬁcation.
The measure for the JSW was validated against visual
assessment of OA using the OARSI-score for JSN4. This
segment of the semi-quantitative score is based primarily
on the severity of the narrowing of the joint. A score of 0 in-
dicates a joint with no JSN; the scores 1, 2, and 3 indicate
the different levels of severity of JSN. All radiographs were
scored by consensus opinion of two experienced readers
(SB, IW). In case of disagreement, the lower, more conser-
vative score was recorded19. The results of the assessment
of subjects in the test set are given in Table II.
The Pearson correlation coefﬁcient is calculated per joint
type separately and per subject separately. A P-value
smaller than 0.05 was considered to indicate statistical
signiﬁcance.20%
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 Results
In total 480 joints were localized in 40 images (20 sub-
jects) in the test set. The success rates of the ﬁrst step of
the image analysis, the identiﬁcation of the joint locations,Table I
Performance of the identification of 480 joint locations in 20
subjects with a maximum displacement of 8 mm
Success rate (%)
MCP joints (n¼ 160) 98.1
PIP joints (n¼ 160) 97.5
DIP joints (n¼ 160) 96.9
MCP, PIP and DIP joints (n¼ 480) 97.5are given in Table I. The overall success rate for this step
was 97.5%. No signiﬁcant systematic error in the joint loca-
tions was found. The systematic errors were 0.09 mm
(1.3 mm) and 0.03 mm (0.7 mm) in the horizontal and
vertical directions, respectively. The success rates in iden-
tifying the proximal and distal margins (the second step of
the analysis) are shown in Fig. 4(a,b). Distinction is made
between the different joint types, and also between the
two patient groups. In total 64.2% of all 960 contours
were identiﬁed correctly; 85.5% of the proximal margins
were accepted by the radiologist and 42.9% of the distal
margins. The success rate was higher in the JSNþ group
than in the JSN group, 66.5% and 61.7%, respectively.0%
10%
All joints MCPs PIPs DIPs
Joint type
Fig. 4. (a) Success rates of the identiﬁcation of the proximal and
distal margins in the JSN group, shown per joint group and all
joint types together. (b) Success rates of the identiﬁcation of the
proximal and distal margins in the JSNþ group, shown per joint
group and all joint types together.
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Fig. 6. Association between mean JSW and mean semi-quantita-
tive score per subject.
22 R. van ’t Klooster et al.: Validation of hand OA quantiﬁcationHowever, this difference was not statistically signiﬁcant
(P¼ 0.12; Chi-squared test).
The JSW was measured for the MCP, PIP, and DIP joints
in all subjects in the test set. For the respective joint sites,
the mean (SD) JSW was 1.62 mm (0.27 mm),
0.99 mm (0.23 mm), 0.90 mm (0.21 mm) for the JSN
group, and 1.31 mm (0.25 mm), 0.71 mm (0.20 mm),
0.60 mm (0.22 mm) for the JSNþ group. The association
between JSW and visual assessment is shown in Fig. 5 for
each joint. The semi-quantitative scores were not divided
equally over the data set. More than 80% of the scores
were either 0 or 1, the remaining joints were scored 2 or
more, see Table II. Figure 6 shows the comparison between
the mean JSW and mean semi-quantitative score per
subject. Linear regression analysis showed a signiﬁcant
correlation (R 2¼ 0.54 and P< 0.01) between the mean
semi-quantitative score and the mean JSW.
Discussion
In this paper we introduced a method to quantify the JSW
in hand OA at radiographs. The semi-automatic image anal-
ysis software identiﬁes all joints of interest and their corre-
sponding joint margins, and subsequently, each JSW is
measured within a measurement interval. We found that
the measured JSW is in good agreement with ordinal
scores according to the OARSI system.
No methods exist that quantify JSW in hand OA by anal-
ysis of hand radiographs, while other image analysis
methods have been published, that focus on quantiﬁcation
of JSW in RA. These existing methods cannot be applied
to OA, since in OA the DIP joints in the ﬁngers are of inter-
est, while in RA the focus is on the MCP and PIP joints.
Moreover the quantiﬁcation should be independent of the
formation of osteophytes, which do not play a role in RA.
Joint localization and margin detection are, however, prob-
lems in quantifying JSW in OA as well in RA. In this respect,
some known methods are semi-automatic10,14,15,20,21 and
others11e13 require manual localization and detection. The
joint margins are identiﬁed by either an irregular contour
or a smooth contour, described by a polynomial function.
We chose to identify the margins by analysing local image
information without smoothing, so as to capture focal0
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Fig. 5. Association between JSW and semi-quantitative score per
joint type.lesions. In the existing methods on RA, a ﬁxed measure-
ment interval is used15,21, which encloses the joint margins,
or one that is based on the distance between the peripheral
edges of the joint10. Since these edges can be affected by
OA, because of osteophyte formation, our measurement in-
terval was based on the thickness of the proximal phalanx,
which is negligibly affected by OA and still representative
for different hand sizes. Lastly, the JSW is measured per-
pendicularly to the joint space over the interval and aver-
aged to obtain an accurate estimation of the amount of
existing cartilage. Others11 do not measure perpendicularly
but determine the shortest distance between both margins,
which can result in an underestimation of the joint space
when non-concentric joints are concerned.
We developed our method using a data set split into a pa-
tient group that included a wide range of radiographic hand
OA, and a (JSN) group that was represented by subjects
with unaffected hands. Other methods have been devel-
oped with either data from healthy subjects or RA subjects,
possibly introducing a bias towards that data or increased
user interaction when analysing mixed data. Validation of
measurements has been undertaken generally by compar-
ing them with semi-quantitative scoring of RA; in the present
study we used scoring of OA for the validation. Only one
method has been validated using a phantom12.
The present method is well developed and has a good
performance. An even better performance will be achieved
by further optimization of the individual system parameters
used. For example, the parameters used to identify the joint
margins are similar even though the structure of an MCP
differs signiﬁcantly from that of PIP and DIP. Optimization
of the parameters for each joint type separately is expected
to result in an improvement of the success rate and subse-
quently an improvement of the reproducibility since less
user interaction will be needed.
Unfortunately a hand radiograph remains a 2D projection
of a 3D object with loss of structural detail and moreover
JSW is at best an estimation of the existing cartilage. Al-
though no pathological validation of the JSW measurement
has been published, previous studies showed encouraging
results when validating the JSWwith a phantommodel of the
MCP joint12. Although radiography is a projection technique
and the method has not been fully optimized, the present re-
sults are promising, and further research can improve the de-
gree of automation and accuracy of the measurement.
Fig. 7. MCP joint showing the automatic identiﬁed contour and the
true contour.
23Osteoarthritis and Cartilage Vol. 16, No. 1We obtained good results in the localization of the joints;
nearly all joints were localized without a systematic error.
These results are similar or superior in comparison with ex-
isting methods14,15,20. Chen22 reports a similar success rateFig. 8. (a) JSW¼ 0.73 mm, semi-quantitative score¼ 0 (ring distal interpha
dex distal interphalangeal IDIP). (c) JSW¼ 0.72 mm, semi-quantitative scoof 97% (our success rate was 97.5%), Langs14 a lower suc-
cess rate of 95% (compared to 98.1%) and 80% (vs 96.9%)
for the MCP and DIP joints, respectively, with a maximum
displacement of 8 mm and Duryea’s method20 achieves
a success rate of over 99% but excluded images containing
artefacts from the data set. An error in the location of the
joint does not fully propagate to the second step of the anal-
ysis. The joint margins are identiﬁed by searching the ROI
for two strong parallel edges, not necessarily located in
the centre of the ROI. A large displacement in the vertical
direction however, can result in a measurement interval
outside the joint, since the determination of that interval
depends on the vertical position of the joint.
The identiﬁcation of the distal joint margins in the present
study needed more user interaction than the proximal mar-
gins (Fig. 4). This was especially true for the MCP joint be-
cause the distal margin is a concave structure resulting in
multiple projected edges (see Fig. 7) the program identifying
a stronger, but false, edge. Fortunately in some cases, the
identiﬁed proximal margin may obscure the false distal mar-
gin in the JSNþ group when the joint is narrowed, which
may explain the higher success rate in the JSNþ group com-
paredwith the JSN group. Thehigher success ratewas sur-
prising, since in general image analysis algorithms tend to
perform well on healthy subjects and worse on patient data.
A number of existing methods have a higher success rate.
However, differences in imaging modality, form of arthritis,langeal RDIP). (b) JSW¼ 0.73 mm, semi-quantitative score¼ 1 (in-
re¼ 2 (IDIP). (d) JSW¼ 0.74 mm, semi-quantitative score¼ 3 (IDIP).
24 R. van ’t Klooster et al.: Validation of hand OA quantiﬁcationlevel of user interaction and number of analysed joints, pre-
vent a meaningful comparison with these methods.
We found that JSW decreased with increasing semi-
quantitative scores between scores 0 and 2 whereas it
increased again with score 3 (Fig. 5). Possible causes
for this apparent disparity may include instability to such
an extent that in some cases the joint space may widen
again, and angulation due to asymmetrical narrowing
and/or ﬂexion due to OA, inﬂuencing the projection of
these joints and measured JSW. The assumption that an
increase in severity of OA is accompanied by narrowing
of the joint may only be valid to a certain extent as previ-
ously noted23. Alternatively, severely damaged joints cannot
be assessed reliably by radiography since it is a projection
technique.
Discrepancy between the semi-quantitative scores and
JSW measurements occurs not only in grade 3 scores.
The cases illustrated in Fig. 8 show that measured
JSW does not necessarily reﬂect JSN as assessed by
semi-quantitative scoring, as the latter does not solely de-
pend on narrowing of the joint alone, but includes other
characteristics such as surrounding bony changes. Thus
JSW assessed by semi-quantitative measurement may
not objectively measure JSW alone but also take other
characteristics of the disease into consideration. Further-
more, image analysis can extract other characteristics,
such as measurement of asymmetry in JSN, thus provid-
ing new insights into other aspects of the disease pro-
cesses in OA.
Good agreement between the JSW and the semi-
quantitative score is conﬁrmed also by a strong correlation
between both measurements when hand pairs are as-
sessed instead of individual joints (Fig. 6). The outlier in
Fig. 5, with a seriously degraded joint with score 3 and
a JSW of 1.83 mm, is clearly visible. This subject had
a mean semi-quantitative score of 1.3 and a mean JSW
of 0.96 mm, the high mean JSW being predominantly due
to that single joint. Finally, a large variance exists in the
assessment of JSW in the JSN group although all joints
in these subjects had a score of 0. It may be inferred that
visual scoring is not sensitive enough to differentiate
between these subjects, possibly preventing the detection
of small changes when studying longitudinal data.
In conclusion, the JSW correlates well with the semi-
quantitative scores of JSN. Currently, the method is being
evaluated further with a view to establishing follow up sen-
sitivity and establishing normative data. The present results
were obtained from a historical data set using analogue im-
ages that were subsequently digitized. Preliminary work
suggests that analysis of directly obtained digital images
produces improved performance but clearly this needs fur-
ther investigation. However, once available for routine clin-
ical use it is anticipated that automated JSW measurement
will provide a sensitive means of identifying possible risk
patients, assessing therapy efﬁcacy and disease progres-
sion with the possibility of beneﬁcially enhancing the neces-
sary power of therapy studies.Acknowledgement
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